Effects of dielectric environment on phase resonance in compound grating are investigated theoretically and numerically. Transmission characteristics can be effectively tailored by changing the dielectric environment. When the dielectric constants between the two slits are slightly different, the transmission spectra show obvious dips for all modes, and values of the dips are near to zero, and photon forbidden band gaps emerge with larger difference of dielectric environment. The corresponding physical mechanisms are discussed by means of effective refractive index and effective length based on F-P-like and phase resonant mechanisms. In addition, the electric field for the peak at the shorter wavelength of the dip is mainly concentrated on the slit filled with smaller dielectric constant, while the electric field located on the slit filled with larger dielectric constant for the peak at the longer wavelength of the dip. By selecting a proper dielectric environment, the channel selecting device can be constructed by using the dielectric compound grating.
Introduction
Extraordinary optical transmission (EOT) has attracted great interest since the observation of EOT through a thick metal film perforated with a subwavelength holes array by Ebbesen et al. in 1998 [1] . Recently, the phase resonances in compound metallic nanostructures have aroused much attention, which result from phase difference and interference between adjacent slits or structures. The phase resonant dips in the transmission peak were demonstrated by theoretical calculation based on modal expansion theory [2] [3] [4] . Skigin experimentally confirmed the phase resonances in the millimeter-wave range by studying metallic periodic structures which comprised several subwavelength slits in each period [5, 6] . Rance explored the phase resonances on metal gratings of identical, equally spaced, and alternately tapered slits in microwave regime [7] .
Very recently, some methods have been presented to construct compound structure in order to achieve the phase resonances. For example, some authors built the compound metallic nanostructures from the perspective of different structure or the particularity of structure. Wang et al. [8] set symmetrical perpendicular cut in subwavelength metallic slits; He et al. [9] put a bar into the metallic slit; Zhai et al. [10] also introduced perpendicular cuts into the compound metallic grating; Fu et al. [11] investigated the effects of a bar on optical transmission through Z-shaped metallic slit arrays; Wu et al. [12] discussed the reflection and absorption spectra in compound metallic grating. In our previous paper [13] , we proposed a compound metallic grating with perpendicular bumps and cuts in the slit. In addition, compound metallic nanostructures also have been achieved by compound gold surface relief slit arrays [14] and a gold grating with semicircle bumps [15] . The results of above papers showed that the influences of cuts or bars and bumps in the slit on odd and even modes of slit are different, which lead to the change of the effective length of the slits and phase difference, so the dips in transmission spectrum (namely, the phase resonances) will arise.
Actually, the transmission behaviors and phase resonance can be effectively tailored by changing the geometrical parameters and dielectric materials filled in the holes [16, 17] . Another way to achieve compound metallic nanostructures has been used by adjusting dielectric environment [17] .
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Journal of Nanomaterials Xiang et al. [18] investigated the transmission resonances of compound metallic gratings with two subwavelength slits filled with different dielectrics inside each period, and they discussed the phase resonance from the different orders of F-P-like modes and found that when suitable dielectrics are chosen one is the th-order FP-like mode and the other is the ( + 1)th-order FP-like mode inside the two kinds of slits at a certain resonant frequency.
However, the phase resonances achieved by dielectric environment have not been studied comprehensively. In addition, the formation and evolution mechanisms of phase resonant dips and transmission spectra for all F-P-like modes are not investigated so far. In this paper, we try to comprehensively consider the effects of dielectric environment on the phase resonances which were investigated comprehensively in metallic gratings with two slits. Transmission characteristics are obviously tuned by changing the dielectric environment; all modes show sharp dips in transmission spectrum, which can be effectively tailored by changing slightly difference of dielectric constants between the two slits. Values of the dips are near to zero, and photon forbidden band gaps arise on transmission spectra with larger difference of dielectric environment between the two slits. The corresponding physical mechanisms are presented by the use of electric field distributions, F-P-like resonance, and phase resonance mechanisms.
Model and Method
A unit cell of a compound metallic grating with different dielectric environment in two slits is shown in Figure 1 . The length, slit width of the grating, period, and the distance between the two slits are fixed in the whole paper: = 1500 nm, = 100 nm, = 700 nm, and = 350 nm. The dielectric constants are denoted by 1 and 2 , respectively. And the metals are chosen to be gold (Au). The optical properties of the gold nanostructure are approximated by the Drude model and the dispersive permittivity of the frequency is defined as
where is the frequency of the incident light, = 1.37 × 10 16 s −1 , and = 4.08 × 10 13 s −1 represents the bulk plasmon frequency and the damping rate which characters the absorption loss [19] .
We use two-dimensional FDTD [20, 21] method to calculate the transmission spectra and the time-dependent fields; the size of FDTD lattice is × = 700 nm × 2800 nm; Δ = Δ = 1nm and Δ = Δ /2 are the spatial and temporal steps. Boundary condition on the top and bottom boundaries of the unit cell along direction is truncated by perfectly matched layer absorbing boundary conditions which is treated by periodic boundary conditions on the left and right boundaries along direction which are shown in Figure 1 . The incident light spreads through direction with TM polarization. 
Results and Discussion
Firstly, in order to better understand the effects of dielectric environment, the transmission, reflection, and absorption spectra of the grating with same dielectric constants ( 1 = 2 = 1) in two slits are shown in Figure 2 . The probe location of transmission spectra is set at 300 nm away from the rear surface of the export, and the probe location of reflection spectra is set at 160 nm away from the front of surface. The calculated spectra are normalized by the calculation without a metallic structure. And the absorption spectra can be obtained by A = 1 − T − R, where T, R, and A represent the transmittance, reflectance, and absorbance, respectively. The transmission spectrum in Figure 2 (blue line) shows that the wavelengths of Fabry-Pérot-like modes resonant peaks are 1929 nm, 1287 nm, 974 nm, and 778 nm, respectively, according to previously reported results [8, 13] , which are labeled as = 2, = 3, = 4, and = 5, respectively. The resonant modes are associated with different standing wave modes in the slit. For example, if the resonant peak is labeled as = 2, two nodes (antinodes) of the electric (magnetic) field appear in the slit. We know that the Fabry-Pérot-like modes are characterized by constructive interference between all transmitted waves along the slit [22] , and the condition of the F-P can be expressed as [23] 
where 0 = 2 / is the wave vector in free space, eff is the effective refractive index in the slit, which strongly depends on the slit width, stands for the reflection coefficient of the fundamental mode, FP represents the slit length, and is integer.
In addition, red line in Figure 2 shows that there is strong reflection at the bottom of transmission. In other words, the largest transmission indicates the lowest reflectance; on the contrary, the strongest reflectance represents the weakest transmission. Next, purple line in Figure 2 presents very little absorption rate; the absorption spectra are obtained by A = 1 − T − R; this is obviously related to the absorption loss of light energy by metal gold.
In the previous section, we have presented the transmission, reflection, and absorption spectra of the grating with the same dielectric constant ( 1 = 2 = 1) in two slits. Next, we study the effects of dielectric environment on the phase resonances and simulate the transmission spectrum for metallic grating with different dielectric environment in two slits, namely, the asymmetric case. In order to well understand effects of dielectric environment on the phase resonances, the dielectric constant in one of the slits is fixed as 1 = 1; the dielectric constant 2 of the other slit changes from 1 to 1.15 with increment 0.05 in Figures 3(a)-3(d) and to 1.23, 1.46, 1.6, and 1.8 in Figures 3(e)-3(h) . We can find that all Fabry-Pérot-like mode peaks exhibit dips when 2 changes to 1.05, which are shown in Figure 3 Journal of Nanomaterials
With the increase of 2 , the dips are further deepened. In our previous paper [13] , we studied a compound metallic grating with perpendicular bumps and cuts in the slit; the results showed that the phase resonant dips can be tuned by shifting the position or changing the size of bumps and cuts. Now, let us make a comparison between the above results and previously reported results [13] . Perpendicular bumps and cuts only affect one or several modes when the bumps or cuts locate at the center of modes, which brings the most influence on those modes and the effective length of the F-P cavity. However, the bumps or cuts are not located at the center of modes, which affect modes slightly. In contrast, dielectric environment affects all modes because the dielectric medium is filled in the whole slits. So we can see that all Fabry-Pérot-like mode peaks exhibit dips. When the dielectric constant changes to 1.23 and 1.46, the dips are further deepened and almost all the values of the dips are near to zero. As the dielectric constant further varies to 1.6 and 1.8, forbidden band gaps appear on transmission spectra; in this case the propagation of the incident light will be stopped. Actually, the field can still be distributed in the two slits if we reduce the relative value of intensity in drawing the figures, but the wave cannot propagate over the two slits. The number of the forbidden gap increases and the forbidden gaps get broaden when difference between dielectric values in two slits becomes further larger. The reason for such behavior is that when difference between dielectric values in two slits becomes larger difference between the wavelengths of same order resonant peak in the two cases gets further larger, which results in the fact that the dips are further deepened and the forbidden gaps get broadened.
Based on above analysis, we can say that phase resonance is more sensitive to dielectric environment than other adjustable factors, such as bumps and cuts. The results show that an optical filter or frequency selector can be designed according to the adjustment of the dielectric constant.
The physical origin of the dips can be explained in terms of the theory as follows. The resonant wavelength of F-P mode in a bare slit array can be obtained by (2) . In previous results [13] , the bump and cut affect the surface charge and surface current flow on the slit, and then the total effective length of the F-P cavity is determined by
if Δ > 0, the effective length eff increases and the resonant wavelength gets larger. When Δ < 0, the effective length eff decreases, and then the resonant wavelength becomes smaller. From (2), we know that the resonant wavelength also can be adjusted by eff , and eff is the effective refractive index which can be obtained by solving the dispersion equation [23] :
where is the width of metal-dielectric-metal waveguide and and are permittivities for dielectric and metal, respectively. We notice that, for not too small gaps, eff can be approximated as follows:
where 0 = 2 / and MDM are the wave vector in free space and metal-dielectric-metal waveguide. Based on (5), Figure 4 (a) plots the variation of the real parts of eff for the metallic slit filled with different dielectric = 1, 1.23 and 1.46, respectively. The results show that effective refractive index eff of the metal-dielectric-metal waveguide is always greater than that of the metal-air-metal waveguide for the same wavelength and slit width , which can be seen more clearly from Figure 4(a) ; the corresponding wavelength is fixed = 1550 nm. According to Figure 4 (a), we could obtain eff equaling to 1.222, 1.315, and 1.402 for = 1, 1.23 and 1.46, respectively. Other parameters are set as follows: slit width is = 100 nm, and the wavelength for the dip labeled as = 2 is 2104 nm, which is labeled in Figure 3 (e). When the dielectric constant increases, eff gets larger, and then the resonant wavelength shifts to longer region. In contrast, the resonant wavelength becomes smaller with decreasing of the dielectric constant. In the case where a light is normally incident when the dielectrics in two slits are the same 1 = 2 the translation invariance can reduce the field degrees of freedom to just like a single periodic slit array. Therefore, the fields in all slits are equal. While the dielectrics in two slits are different 1 ̸ = 2 the fields of two slits are not identical, which shows that there exists phase difference; it can also be understood that the field phases in two slits are unequal [4, 10, 24] . When the phase difference between adjacent slits reaches a certain value, an obvious dip appears which results from destructive interference between two slits. Figure 4 (b) testifies our above explanation. All the mode peaks in the transmission spectrum show red-shift when the refractive index of dielectric increases and the numbers of the resonant mode increase. For example, considering wave range from visible light to near infrared band, six, seven, and eight mode peaks in the transmission spectrum appear for the case where = 1, 1.23 and 1.46, respectively. The effective refractive index eff of the metal-dielectric-metal increases with the increase of dielectric constant; it is equal to the increase of effective length of the metal-air-metal.
Then we analyze quantitatively the above behavior. When the dielectric constants in two slits are equal ( 1 = 2 = 1), the corresponding wavelength of resonant peak for = 2 mode is 1929 nm; and when the dielectric constants in two slits are equal to ( 1 = 2 = 1.23), the corresponding wavelength is 2143 nm, which is shown in Figure 4(b) . While the dielectrics filling the two slits are different, for example, one is 1 = 1 and the other is 1.23, an obvious dip appears due to phase resonance. The corresponding wavelengths of the two resonance peaks at both sides of dip are 1962 nm and 2183 nm, which are close to 1929 nm (for 1 = 2 = 1) and 2143 nm (for 1 = 2 = 1.23), respectively. This phenomenon can be quite acceptable and understood as a superposition of two resonant modes. Figure 4(d) , which shows the transmission spectra as a function of wavelength for different slit width for single slit. With the decrease of slit width , all the transmission mode peaks in the transmission spectrum have red-shift; the numbers of transmission mode peaks also increase in the same wavelength range. Now, let us make a comparison with the dependence of dielectric environment and slit width on effective refractive index and effective length. Both of them affect effective refractive index or effective length, but it should be noted that increase of the dielectric constant results in an increase of the effective refractive index or the effective length, while increase of slit width leads to a decrease of the effective refractive index or the effective length. Furthermore, it is obviously sensitive to the dielectric environment; it can be seen from Figures 4(b)-4(d) .
To understand the effects of dielectric environment on the phase resonances well, in Figure 5 , we draw the electric field distributions for different wavelength: (a) 1 = 1929 nm, (b) 2 = 1962 nm, (c) 3 = 2104 nm, (d) 4 = 2183 nm, and (e) 5 = 1125 nm, which are labeled in Figure 3 , respectively. We can see that Fabry-Pérot-like modes distribute inside each slit (the same as single slit) along the longitudinal direction for the resonance mode peak = 2 in Figure 5(a) . Meanwhile, in Figure 5 (b), we find that the electric field for the resonant peak at the shorter wavelength 2 = 1962 nm near the left of dip is mainly concentrated on the right slit filled with smaller dielectric constant and the electric field located on the left slit filled with larger dielectric constant for the resonant peak at the longer wavelength 4 = 2183 nm near the right of dip; the results are shown in Figure 5 the phenomenon can be explained as follows. The shorter wavelength 2 = 1962 nm near the left of dip (labeled in Figure 3) for the case of different dielectric constants is close to the wavelength of F-P mode resonant peaks 1929 nm, which is the case of the equal and smaller dielectric constants ( 1 = 2 = 1) in two slits (marked in Figure 2 ). Then the electric field for the resonant peak at the shorter wavelength 2 = 1962 nm is mainly concentrated on the right slit. In other words, the resonant transmission mainly depends on right slit filled with smaller dielectric constant. On the other hand, when the dielectric constants in two slits are equal to 1 = 2 = 1.23, the wavelength of Fabry-Pérot-like mode resonant peaks is 2143 nm (marked in Figure 4(c) ), which is close to the larger wavelength 2 = 2183 nm near the right of dip (labeled in Figure 3) for the case of different dielectric constants, and then the electric field for the peak at the larger wavelength 2 = 2183 nm is mainly concentrated on the left slit filled with larger dielectric constant.
Compared with Figures 5(a) , 5(b), and 5(d), the electric field distribution is very weak for wavelength 3 = 2104 nm of the dip when we draw the figures in the same standard of intensity; the result is shown in Figure 5 (c), which proves that the dip is low transmission. In addition, in Figure 5 (e), we choose the wavelength 5 = 1125 nm in forbidden band gaps on transmission spectra; the result shows that the electric field distribution is weaker. Actually the electric field can still be distributed in the two slits if we reduce the relative value intensity in drawing the figures, but the wave cannot propagate over the two slits; the result also presents strongly the reflection feature.
The above results confirm that the interference behavior of phase resonances between adjacent slits can be modulated by dielectric environment of compound grating; an optical filter and channel selecting devices can be constructed by selecting appropriate dielectric environment based on a compound metallic grating.
Conclusion
In this paper, we have theoretically investigated the phase resonances of compound metallic gratings with two subwavelength slits filled with different dielectric environments. For comparison, the transmission, reflection, and absorption spectra of the slits with the same dielectric constants are presented and discussed. In addition, we find that phase resonant characteristics can be more effectively tailored by changing the dielectric environment than by other adjustable factors. Slight difference of dielectric constants between the two slits may bring obvious dips; almost all the values of the dips are near to zero, and photon forbidden band gaps appear on transmission spectra with larger difference of dielectric environment. The corresponding physical mechanisms for above phenomenon are discussed by use of electric field distributions, F-P-like resonance, and phase resonance mechanisms. Based on the electric field distributions, we can find that the electric field for the peak at the shorter wavelength is mainly concentrated on the slit filled with smaller dielectric constant, while the electric field located on the slit filled with larger dielectric constant for the peak at the longer wavelength. By selecting appropriate dielectric environment, an optical filter and channel selecting devices can be constructed based on a compound metallic grating. These results are useful for the design of the nanooptic devices and may contribute to more real applications in the future.
